Utilizing the stumptail macaque, we studied the atherosclerotic lesions produced in the aorta and coronary arteries by an atherogenic diet alone and by the diet coupled with hypertension produced by a modified Goldblatt technique. One group of monkeys was subjected concomitantly to the diet and hypertension for 10-12 months; a second group was on the diet for 29-32 months, but hypertension was induced for only the last 7-9 months of this period. In both of these groups, hypertension led to more severe lesions in the aorta. When an index of coronary involvement was plotted as a function of either arterial systolic or diastolic blood pressure, a significant correlation was found in both groups of monkeys. Additionally, in the monkeys with hypertension, morphologic criteria indicated that increased amounts of elastic fibers were present in the plaques in a disorganized, fragmented manner; in the monkeys on the diet alone, the elastic fibers were disposed in well-formed, reduplicated lamellas. Fat deposition was also different between these two groups: fat was located in the depths and at the periphery of the lesions in the hypertensive monkeys, whereas it was evenly dispersed throughout the plaques in the monkeys on the atherogenic diet alone. Thus, hypertension coupled with an atherogenic diet increases the extent of aortic and coronary lesions in proportion to the elevation in arterial blood pressure and, furthermore, may modify the morphologic characteristics of the lesions.
• Ingestion over the entire life-span of a high-fat, high-cholesterol, high-caloric diet has been incriminated as the most important single risk factor accounting for the high prevalence of atherosclerosis in a given population. This conclusion was derived from epidemiological studies that compared the mortality from atherosclerotic vascular disease and the severity of atherosclerotic plaques observed at autopsy in persons dying from diseases other than atherosclerosis in populations from different countries and continents (1) . In addition, it is generally accepted that hypertension significantly increases morbidity and mortality from atherosclerotic coronary artery disease (2, 3) . This increased incidence, however, is mainly evident in populations in which morbidity and mortality resulting from atherosclerosis are high even in normotensive individuals. In contrast, in popula- This work was supported by U. S. Public Health Service Grant HL-14460 from the National Heart and Lung Institute and by funds from the Michael Reese Medical Research Institute Council.
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tions with a low overall prevalence of atherosclerosis, hypertension apparently does not lead to an increase in morbidity and mortality from atherosclerosis. Rather, in these populations, hypertension seems to predispose the people to cerebrovascular accidents and congestive heart failure (4) (5) (6) .
To obtain better insight into the magnitude of the potential accelerating effect of hypertension on diet-induced atherosclerosis, we conducted two types of experiments in stumptail macaques (Macaco speciosa). In group 1, both an atherogenic diet and experimentally induced hypertension were initiated concomitantly and maintained for the same experimental period. In group 2, to reproduce more closely the events usually occurring in man, the atherogenic diet was administered for a prolonged period of time; hypertension was then produced and maintained for a relatively short period during which the atherogenic diet was continued. These two studies form the basis of this report.
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use. They readily consume the high-fat, high-cholesterol diet necessary to induce atherosclerosis, and only an occasional monkey develops diarrhea, which is easily controlled by the short-term substitution of fat-free monkey chow. This preliminary study (7) also showed that the stumptail macaque develops typical atherosclerotic lesions in the coronary vascular bed and the aorta in the relatively short period of 8-12 months.
The atherogenic diet used throughout both the preliminary (7) and the present experimental study consisted of low-fat monkey meal (Purina-Ralston) mixed with 2% crystalline cholesterol, 12.5% peanut oil (Planters), and 12.5% hydrogenated coconut oil (Hydrol 92, Durkee) mixed with 2% dissolved gelatin and formed into cakes as described by Wissler and co-workers (8) . In addition, the monkeys received some fruit and a multivitamin supplement in the form of chewable children's tablets twice a week. This diet produced moderately elevated cholesterol levels and mostly fibrofatty lesions. The composition of the diet is shown in Table 1 .
Hypertension was produced by a modified two-stage Goldbratt procedure (9) . Under aseptic conditions and sodium pentobarbital anesthesia (25 mg/kg, iv), a 3-mm silver Goldblatt clamp was placed on the left renal artery, narrowing it to approximately 20% of its original diameter. Postoperatively, the monkeys received antibiotics for 5 days. Then, 2-3 weeks after the operation on the left side, the right renal artery was narrowed approximately 50% by placing a silk ligature around it. The operative and postoperative regimens were the same as those used during the first operation. Monkeys were housed in a special air-conditioned room in individual cages.
In the eight monkeys that composed group 1, half were made hypertensive and the other half served as controls. All were started on the atherogenic diet after the monkeys that had been operated on had recovered fully. This recovery period was arbitrarily set at 2 months after the first operative procedure. Each monkey completed the projected study period of 10-12 months on the diet and was available for evaluation.
All 12 monkeys that composed group 2 were fed the atherogenic diet for 29-32 months. They were paired according to their cholesterol levels, and one monkey of each pair was made hypertensive during the final 7-9 months of the diet period.
Arterial blood pressures were obtained by femoral arterial puncture in anesthetized monkeys; pressures •The specially prepared monkey meal (Purina-Ralston) contained 2% fat of mostly vegetable origin.
Circulation Research, Vol. 35, September 1974 were measured two to four times for each monkey during the hypertensive period. Because the depth of anesthesia and the consequent fall in arterial blood pressure produced by sodium pentobarbital after tranquilization with a phencyclidine (Sernylan, Parke, Davis and Co.) could not be precisely standardized from determination to determination, the highest recorded blood pressure for each monkey was judged to be the most representative and is the value shown in the tables and figures. Subsequent studies carried out in other monkeys in which we compared intra-arterial pressures with pressures obtained by indirect sphygmomanometry validated these assumptions. Plasma cholesterol levels were measured bimonthly by the method of Abell et al. (10) . The average cholesterol level determined in our laboratory for 26 stumptail macaques ingesting regular monkey chow during different seasons of the year is 134 ± 6 mg/100 ml plasma. Although some monkeys gained weight and some lost weight, no definite trend was observed.
PATHOLOGIC OBSERVATIONS
At the end of the study period, the monkeys were killed by intravenously administering an overdose of sodium pentobarbital and autopsied immediately. Gross pathology was noted, particularly the appearance of the kidneys. Pathologic lesions outside the cardiovascular system were not found in any of the monkeys.
The heart and aorta, together with its major branches, were carefully dissected, and the brain was removed. The heart was detached from the aorta and opened to flatten it in a routine manner; the aorta and its major branches were opened longitudinally and flattened on absorbent paper. The aorta was graded on a scale of 0 (no lesion) to 4+ (the most severe fibrofatty [pearly] plaques). Ulceration or thrombosis was not observed in any of the monkeys. Without opening the vessels, the coronary arteries were carefully examined for gross plaques, which are generally visible through the normally thin vessel wall.
After inspection and grading in the fresh, unfixed state, the tissues were fixed in 10% formaldehyde. The fixed aortas were stained grossly with Sudan IV and regraded. Regrading did not change the grade given to the pearly plaques, but staining allowed detection of extensive areas of lipid infiltration that were missed previously. The final grade given a single specimen reflects both grading systems. The individual who graded the aortic lesions did not know whether the specimens came from monkeys on the atherogenic diet alone or from monkeys with coexisting hypertension. This objective assessment was possible because the aortas were detached from the heart and because, in any event, the normal values for heart size established for human specimens do not apply to monkeys of different sizes and ages. Separate grades were given to the following specific sectors of the aorta and its main branches: (1) carotid arteries, (2) arch of the aorta, (3) thoracic aorta. (4) abdominal aorta, and (5) femoral arteries. In the femoral arteries, we frequently observed a transverse wrinkling that was not considered to represent diet-induced atherosclerosis, since it is normally found and was not enhanced by either the diet or hypertension. A mean of these five sectors was calculated and is reported as the aorta gTade in the Results.
From each heart, six standard blocks were cut to include the proximal portions of the left, right, and circumflex coronary arteries as well as some distal intramyocardial branches. Half of each block was used for frozen sections and stained with Sudan IV and hematoxylin; the other half was embedded in paraffin, and 5fi thick sections were cut and stained with hematoxylin and eosin and resorcin-Van Gieson stain for elastic and fibrous connective tissue and collagen. In the slides stained for elastic tissue, all vessels larger than 50ji, both those that were normal and those showing plaques, were counted. Then the quotient of the number of vessels with lesions divided by the total number of vessels counted was multiplied by 100 to express the percent of vessel involvement. Next we quantified the percent of narrowing in each individual vessel that contained a plaque with the help of an eyepiece micrometer that allowed each vessel to be divided into ten segments as described by Vesselinovitch et al. (11) . We then obtained the average narrowing in a monkey by taking the mean of the percent narrowing of those vessels with lesions. We used the product of vessel involvement multiplied by average narrowing (divided by 100) as a coronary index. Thus, the coronary index reflects both the number of vessels involved and the severity of individual lesions. These two parameters are recommended for use in gross grading of aortic and coronary lesions in human specimens by the Committee on Grading Lesions, Council on Arteriosclerosis, American Heart Association (12).
In addition, in each monkey, the large vessels at the base of the brain were dissected and fixed without opening; they were then stained on frozen sections as well as after embedding in paraffin. Four blocks of brain tissue including meningeal and intracerebral vessels were also examined.
Results
Stumptail macaques, like other primate species, display occasional, minimal superficial lipid infiltrations in the aorta near the closed orifice of the ductus arteriosus when they are maintained on a normal rather than an atherogenic diet. In addition, fibrous thickening is usually present at the branches of vessels, e.g., coronary, cerebral, intercostal, and large abdominal branches. The reported findings in this study describe changes that are above and beyond such variations.
The values for cholesterol, arterial systolic and diastolic blood pressures, and aortic and coronary lesions for the individual monkeys in group 1 are listed in Table 2 . Significant differences were not present between the monkeys on an atherogenic diet alone and those on an atherogenic diet plus hypertension with respect to cholesterol levels, diastolic blood pressure, or any of the three indexes of coronary atherosclerosis. The differences in systolic blood pressure and aortic atherosclerosis were, however, significant (P < 0.05). Furthermore, when the coronary index (product of involvement and narrowing) was plotted as a function of systolic or diastolic blood pressure, a highly significant positive correlation became apparent (systolic blood pressure vs. coronary index: r = 0.89, P < 0.005; diastolic blood pressure vs. coronary index: r = 0.82, P< 0.02) (Fig. 1) . Figure 2 shows photomicrographs of some of the typical coronary lesions
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seen in this series of experiments. Connective tissue stains demonstrate the differences between the groups in the amounts of fibrous connective tissue, elastic fibers, and foam cells. 
FIGURE 2

Photomicrographs of coronary artery' lesions in group I monkeys, a: From a monkey on an atherogenic diet alone. Note the elastic layers (dark in photograph) in a regular
GROUP 2
The results for the individual monkeys in group 2 are listed in Table 2 . Arterial systolic and diastolic blood pressures, aortic atherosclerosis grade, and the overall coronary index in the monkeys subjected to an atherogenic diet plus hypertension were significantly greater than they were in the monkeys on the atherogenic diet alone (P < 0.005). Coronary involvement, i.e., the percent of vessels with lesions, was also significantly greater (P < 0.02), but the degree of narrowing in individual involved vessels did not differ significantly between the two groups ( Table 2) . As in the monkeys of group 1, when the coronary index was plotted as a function of systolic or diastolic blood pressure, a significant correlation became apparent (systolic blood pressure vs. coronary index: r = 0.67, P < 0.02; diastolic blood pressure vs. coronary index: r = 0.76, P < 0.005) (Fig. 1) . No other significant correlations were observed ( Table 3) .
The morphology of the lesions in the coronary arteries and in the aorta differed considerably Circulation Reiearch, Vol. 35, September 1974 between the hypertensive and the normotensive monkeys. The lesions in the hypertensive monkeys showed less fat, particularly the large extracellular droplets (Fig. 3) , and the lipid was located in the depths and at the edges of the plaques. In contrast, the monkeys on an atherogenic diet alone showed more fat, mostly evenly distributed throughout the plaques. The hematoxylin and eosin-stained sections displayed massive foam cell accumulations corresponding to the lipid distribution observed in the frozen sections. The most remarkable difference, however, was the frequent but not universal appearance of abundant, small disorganized elastic fibers in the lesions of hypertensive monkeys (Fig.  4c) . Although the normotensive monkeys also showed elastic fibers in their lesions, the abnormalities in the elastic tissue had the appearance of reduplicated, orderly lamellas two to four layers wide rather than the disrupted, disorganized structure within the plaques seen in the hypertensive monkeys (Fig. 4a) . In some of the lesions in the hypertensive monkeys, we observed transitional lesions that had morphological characteristics of both normotensive and hypertensive plaques (Fig.  4b) . Biochemical analyses of the aortas or coronary arteries for collagen or elastin content were not performed. However, our impression of the morphological differences based on staining qualities suggests more a qualitative difference in disposition than a quantitative difference in amount. As indicated in the figures, all of the different stages of lesions can coexist at the same time in a hypertensive monkey. It is not possible to say whether the lesions seen in the hypertensive monkeys represent an accelerated stage of a plaque or a reaction of the vascular connective tissue elements to hypertension, as described in the rat by Wolinsky (13). When we compared the regression lines for the monkeys of group 1 (Fig. 1 left) with the regression lines for the monkeys of group 2 ( Fig. 1 right) , we found that, although the lines were displaced upward in the group 2 monkeys, the differences did not achieve statistical significance. That is, we could not document statistically a coronary index in the monkeys subjected to an atherogenic diet for 29-32 months more severe than that in the monkeys on the diet for only 10-12 months. This lack of correlation between group 1 and group 2 in the monkeys subjected to an atherogenic diet alone probably results from the relatively small number of animals that can be studied in primate experiments. An additional factor could be present when the hypertensive monkeys in the two groups are compared, since they were not hypertensive for the same length of time. Finally, one must take into account the large biologic variability that is present among individuals in any given species.
Atherosclerosis of the cerebral vessels was slight and consisted of some occasional lipid infiltrations in the vessels of the circle of Willis and the small meningeal and intracerebral vessels. Occasionally, thickening of the intima and duplication of the internal elastic lamella in the middle or posterior cerebral artery were found (Fig. 5) . The incidence of such lesions was too low for quantification, but we gained the impression that more occurred in the brains of the hypertensive monkeys. We did not observe any microaneurysms in the cerebral circulation of the Charcot-Bouchard type (14) .
Discussion
Although epidemiological studies suggest that hypertension, together with hyperlipoproteinemia and smoking, is a cardinal risk factor in the development of coronary artery disease (2, 3) , no experimental proof of this supposition has been published to our knowledge. It is difficult to draw definitive conclusions on the basis of population studies because of the long time necessary for observation and follow-up and because other factors such as heredity, environment, physical activity, etc., complicate the interpretation of the data obtained.
Our studies on the stumptail macaque give clear evidence that hypertension significantly augments the extent of coronary and aortic atherosclerosis that would be expected on the basis of ingesting an atherogenic diet alone. This conclusion is justi-
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fied by the results obtained in the monkeys of group 1, in which the animals were subjected to an atherogenic diet and experimental hypertension for similar periods of time, and, also, by the results obtained in the monkeys of group 2, in which the animals were made hypertensive after an extended period of eating an atherogenic diet.
An interesting finding that was especially evident in the monkeys of group 2 was that the severity of lesions in individual vessels as assessed by average percent narrowing was not significantly different between the monkeys on the atherogenic diet alone and those with superimposed hypertension. The number of vessels involved in the hypertensive monkeys, however, was significantly greater than that in those on the diet alone. That is, hypertension in concert with an atherogenic diet was an important initiating factor in the production of atherosclerotic lesions. This finding is consonant with the necropsy data obtained by Robertson and Strong (15) who compared atherosclerotic lesions in previously normotensive and hypertensive individuals in population groups with a high incidence of atherosclerosis.
Other differences between the normotensive and the hypertensive monkeys were also noted. The lesions in the hypertensive monkeys appeared on morphological observation to contain somewhat more elastic tissue, which was present in a diffuse, disorganized fashion compared with the wellorganized, lamellar form generally seen in the monkeys on the atherogenic diet alone (Fig. 4) . The consequences of these changes in the amount and the disposition of elastic fibers are not known. Furthermore, the distribution of fat within the lesions was different: the monkeys on the diet alone displayed a larger amount of fat which was evenly distributed throughout the plaques, whereas the hypertensive monkeys had a scantier amount of fat which was located in the depths and at the edges of the plaques (Fig. 3) .
The small amount of cerebral atherosclerosis observed in both the normotensive and the hypertensive monkeys (Fig. 5) can best be explained by the relatively short duration of our study. The presence of severe coronary atherosclerosis with minimal cerebral atherosclerosis is consistent with the findings in man indicating that the development of comparable degrees of atherosclerosis in the cerebral arteries lags approximately 10 years behind that in the coronary arteries (16) .
We chose the stumptail macaque as our experimental model because this subspecies of Rhesus monkey is easier to handle than the usually used Circulation Research, Vol. 35, September 1974 Rhesus monkey (Macaca mulatto) and because the lesions develop somewhat faster. From the point of view of the type of lesions that are produced, Rhesus species appear to be optimal, since they respond to an atherogenic diet with only slight to moderate hyperlipidemia and develop proliferative lesions in the main-stem coronary arteries and pearly plaques in the aorta. These abnormalities are similar to those that arise in man.
